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This study demonstrates that a laser-induced crystallization instrumented with Raman spectroscopy is, 
in general, an effective tool to study the thermally activated crystallization kinetics. It is shown, for the solid 
phase crystallization of an amorphous silicon thin film, that the integral intensity of Raman spectra corresponding 
to the crystalline phase grows linearly in the time-logarithmic scale. A mathematical model, which assumes 
random nucleation and crystal growth, was designed to simulate the crystallization process in the non-uniform 
temperature field induced by laser. The model is based on solving the Eikonal equation and the Arhenius 
temperature dependence of the crystal nucleation and the growth rate. These computer simulations successfully 
approximate the crystallization process kinetics and suggest that laser-induced crystallization is primarily 
thermally activated.  
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1. Introduction 
The laser-induced crystallization (LIC) of hydrogenated amorphous silicon (a-Si:H) has been a 
subject of extensive research in recent years, motivated predominantly by technological applications 
to thin film semiconductors. LIC studies instrumented by Raman spectroscopy appeared more recently 
[1–5], enabling in situ quantification of the phase composition, along with an indirect estimate of the 
sample temperature and other structural properties [6,7]. The main advantage of this approach is that 
the same laser may simultaneously control the LIC process and also serve as the Raman excitation laser 
source. Laser as a heat source, in comparison to conventional furnace heating, also offers fast heating-
up of the probe to very high temperatures. Raman instrumented LIC is thus a simple and effective 
analytical technique to study the phase transformation kinetics at high temperatures.   
This study examines the solid phase crystallization of thin film amorphous silicon (a-Si) induced 
by a continuous-wave laser. The progress of crystallization is monitored by sequential Raman 
spectroscopy.  For closer analysis by means of computation simulations, a mathematical model of the 
crystallization process was designed, with the capability to account for the existing non-uniform 
temperature field. 
2. Experimental part 
2.1. Sample preparation and experimental setup 
A film of a-Si:H was deposited on a corning glass substrate using plasma-enhanced chemical 
vapor deposition from silane and argon gas mixture precursors (10% of SiH4 in Ar). The hydrogen 
content in the film was 13%, as estimated by comparing Raman scattering intensity related to the 
vibration of Si–H2 and Si–H bonds with the intensity of Si–Si bonds [8]. The film thickness for all 
experiments was 1000 nm, which ensures a very limited effect of the substrate heat conductivity on 
the sample heating by the laser [9]. For the Raman scattering experiments, a DXR Raman microscope 
was used with a solid state Nd:YVO4 532 nm laser source, with the beam quality factor M2 < 1.3, 
focused to a spot with Gaussian radius 550 nm.  
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Raman measurements were performed as follows. The Raman laser source was turned on and 
the sample was continuously irradiated for 400 s. Within this period, separate Raman spectra with a 
short acquisition time (2 s) were recorded repetitively, in order to monitor gradual phase 
transformation in the sample. Experiments using four settings of laser power – 7.0, 7.5, 8.5 and 10 mW 
– were performed. Additional measurements using powers lower than 7 mW did not show any marks 
of crystallization. 
Fig. 1 shows spectral lines recorded at selected times with the progressive appearance of the 
crystalline silicon (c-Si) transverse optical (TO) mode, proving the presence of the crystallization. Note 
that there may be a significant difference between the spectra acquired by a long-time measurement 
and short-time acquisition (see the dashed line in Fig. 1), since the material transforms progressively. 
A more detailed study, performed with identical a-Si samples, of the thermally induced c-Si peak 
broadening and position shift related to the LIC process, was published elsewhere [9]. 
 
FIG. 1. Selected Raman spectra recorded in 2 s periods at different times (laser power 8.5 mW). 
Reference c-Si TO mode peak position 520 cm-1 is indicated. The dashed spectrum marks a long-
time spectra acquisition. Note that lines were vertically shifted for better clarity. The inset shows 
extracted c-Si TO mode. 
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2.2. Experimental results 
To analyze the crystallization kinetics, the c-Si TO scattering rate (marked 𝑅cSi) was quantified 
for each of the spectral lines. See Fig. 2 showing three experiments for each laser power. The 𝑅cSi was 
calculated as an integral intensity given by the area of the c-Si TO mode peak, where the peaks were 
obtained by subtracting the a-Si and the background signal from the spectral line (see the insert in 
Fig. 1). We observe that the scattering rate evolution 𝑅cSi(𝑡) significantly depends on the applied laser 
power and, interestingly, grows proportionally to the time logarithm with a slope invariant to the laser 
power. Note that for the case with power 7 mW, in two of the three experiments no crystallization was 
detected, which may be related to the material inhomogeneity. Further analyses using computational 
simulations are given later.  
 
FIG. 2. Time evolution of the c-Si scattering rate 𝑅cSi(𝑡) measured experimentally; three 
experimental sets are given for each laser power. 
 
Optical microscope photos in Fig. 3 show gradual growth of the crystalline zone with increasing 
irradiation time and the influence of the laser power. It was demonstrated [9] that the inner darker 
zone marks the crystallized volume, whereas the bright area corresponds to a decreased hydrogen 
content caused by thermally-driven hydrogen diffusion. As a-Si and c-Si phases have different optical 
1 10 100 1000
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
×104
7.0 mW
7.5 mW
8.5 mW
c
-S
i
T
O
 m
o
d
e
in
te
n
s
it
y
 
(a
.u
.)
Time (s)
10 mW
5 
 
properties, the crystalline phase can be visualized with light microscopy [10], although with somewhat 
limited resolution. On the contrary, for the laser focus and powers applied in this study, AFM or SEM 
microscopy cannot reveal any changes related to the laser irradiation [9], indicating that the laser-
induced temperatures are below the melting point. Note that clear marks (SEM detectable) are left on 
the sample surface when the Si melting temperature (1414°C) is reached [11,12]. 
 
 
FIG. 3. Surface spots captured by light microscopy for different laser power and irradiation time. 
The bright area corresponds to a decreased hydrogen content, the inner darker zone marks the 
crystallized volume. 
 
3. Computer simulations 
3.1. Modeling method 
A numerical simulation of the crystallization process was designed to demonstrate that a 
random crystallite nucleation and the crystal growth together with the Arrhenius law approximates 
well the crystallization kinetics. The laser-induced temperature field was calculated by means of an 
analytical formula, where a volumetric heat source was assumed [13,14]. Only the steady state 
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temperature is considered, since the thermal diffusivity is such that the transient temperature field is 
stabilized in a time fraction less than 10−3s [9]. 
The nucleation rate 𝑁 and the growth velocity 𝐺 following the Arrhenius equation are  
 𝑁 = 𝑁0 exp(− 𝐸N 𝑘B𝜃⁄ ), (1) 
 𝐺 = 𝐺0 exp(− 𝐸G 𝑘B𝜃⁄ ), (2) 
where 𝐸N  and 𝐸G are activation energies of the nucleation and the growth, respectively, 𝑘B denotes 
the Boltzmann constant and 𝜃 is the temperature. 𝑁0 and 𝐺0 are material parameters. The numerical 
simulation is based on a random generation of grain nuclei at a rate given by eq. (1). The so-called 
arrival function 𝑇(𝑥), which estimates the time when the nucleated grain grows to a point 𝑥,  is then 
calculated for each grain. In the case of a non-uniform growth rate, as given by (2), the problem leads 
to Eikonal’s equation, which is a boundary value problem defined in [15] as 
 |∇𝑇𝑖|𝐺 = 1, 𝑇 = 𝜏𝑖 on 𝜉𝑖 ,  (3) 
where 𝐺(𝑥) is the growth rate, 𝑇𝑖(𝑥) is the arrival function of a grain 𝑖 nucleating at position 𝜉𝑖  and 
time 𝜏𝑖. Since a three-dimensional problem is being solved, points 𝑥 and 𝜉𝑖  are position vectors with 
three components. The scalar filed 𝑇𝑖(𝑥) – obtained by solving Eq. (3) – specifies the time when the 
boundary of the grain 𝑖 reaches the material point 𝑥. For the case of multiple grains, a selected material 
point (at position 𝑥) undergoes phase transformation at the first moment – when the boundary of any 
present grain arrives. This defines the total arrival function 𝕋(𝑥), expressed by means of the minimum 
as 
 𝕋(𝑥) = min
𝑖
{𝑇𝑖(𝑥)}. (4) 
Indices 𝑖 of the minimum value (argument of the minimum) then distinguish individual grains in the 
crystallized volume, allowing the grain coloring in Figs. 4 and 5. 
Finally, the volume 𝑉 of material crystallized by the time 𝑡 as 
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 𝑉(𝑡) ≡ {𝑥, 𝕋(𝑥) ≤ 𝑡}. (5) 
Equation (3) was numerically solved by means of the Fast Marching Method [15]. The present 
algorithm was parallelized in terms of simultaneous calculation of the arrival functions 𝑇𝑖, whose 
solutions are independent of each other. 
3.2. Model parameters 
The following parameters were used in the numerical simulation. The initial sample 
temperature was 20°C. Sample reflectivity 0.4, corresponding to refraction coefficient 𝑛 = 4, was used 
to account for the partial laser reflection at the sample surface. Absorption coefficient 𝛼=8 µm-1, 
together with the laser diameter, defines the volumetric heat source [13]. The thermal conductivity 
was set to k=3.5 WK-1m-1 in accordance with recent measurements of Braun et al. [16]. Activation 
energies for the nucleation 𝐸N=4.2 eV and the growth 𝐸G=2.6 eV were adopted from the work of 
Mahan et al. [17].  
The rate constants 𝑁0 and 𝐺0, present in eqs. (1) and (2), were estimated from the nucleation 
and growth rates at reference temperature 600°C, which were 𝑁600°C =4.2 µm
-3min-1 and  𝐺600°C = 
0.7 nm s-1. These parameters correspond to crystallization period 5 hours at temperature 600°C 
reported in several studies [6,18–20]. Since higher nucleation rate results in finer crystallites, the 
nucleation rate used in this model was adjusted to obtain crystallite size approximately 50nm, as 
indicated by the broadening of our Raman spectra or as estimated from the XRD correlation length in 
the literature [21].  
3.3. Simulation results 
Fig. 4 shows crystallization progress in time and typical polycrystalline structure resulting from 
the simulation, while Fig. 5 shows the influence of the laser power.  The non-isothermal temperature 
field causes the crystallization process to proceed in two distinct stages, where the initial stage is 
characterized by multiple nucleation of isolated grains. Later, as the grains grow, they promptly merge 
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in one polycrystalline cluster and the crystallization process changes. At locations more distant from 
the spot center, where there is a lower temperature, the crystal growth and the nucleation rate both 
decrease significantly. The nucleation rate decrease, together with the presence of the polycrystalline 
cluster surface, cause the crystal growth to become (although slower) dominant over the nucleation 
rare. This results in crystal shapes elongated in a radial direction located at the spot periphery (see the 
video linked with Fig. 4). Comparable morphology was experimentally described after electron beam 
heating [22]. 
  
Fig. 4. Numerical simulation of the progress of crystallization for laser power 10 mW, view of the 
sample surface (Multimedia view). 
 
Note that 𝐸N > 𝐸G was also measured in the work of Köster [22] and, as applied in this model, 
causes formation of smaller grains at higher temperatures (Fig. 5). The effect of the temperature on 
the grain size was also observed experimentally [18]. 
 
Fig. 5. Surface spots calculated by the model after 400 s laser irradiation (sample surface view). 
The intensity of the Raman excitation laser has a Gaussian profile irradiating the growing 
crystalline volume, which is the main reason why the scattering rate 𝑅cSi(𝑡) is not directly proportional 
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to the crystalline volume. To compare simulation results with the experimental data, the following 
weight function was used: 
 𝑤(𝑟, 𝑧) = 𝑃G(𝑟) exp(−2𝛼𝑧) (𝑛0(𝜔) + 1), (6) 
which accounts for the Gaussian laser intensity profile 𝑃G(𝑟), exponential damping of the laser source 
traveling to the depth 𝑧 and the scattering light traveling the same distance back to the surface and 
the temperature dependent phonon density function of the Stokes scattering, where 𝑛0(𝜔) =
(exp(ℏ𝜔 𝑘B𝜃⁄ ) − 1)
−1 and ℏ is reduced Planck’s constant; 𝑟 and 𝑧 are cylindrical coordinates with the 
origin located at the laser spot center.  Then the simulated scattering rate ?̃?cSi may be approximated 
as a weighted sum of the crystalline volume, i.e. 
 ?̃?cSi(𝑡) = ∫ 𝑤(𝑟, 𝑦)𝑑𝑉𝑉cSi(𝑡)
. (7) 
See Fig. 2 and 6 to compare the experimental scattering rate  𝑅cSi(𝑡) and the scattering rate 
?̃?cSi(𝑡) resulting from the numerical model. Both the simulation and the experiment exhibit after the 
onset of the crystallization a nearly linear trend in the time-logarithmic scale. The linear trend is thus 
a consequence of the specific temperature field shape (produced by the laser) and the Arrhenius law. 
The simulation performed also demonstrated (not shown here) that the ?̃?cSi(𝑡) slope changes with the 
activation energies 𝐸N and 𝐸G. 
 
Fig. 6. The c-Si scattering rate ?̃?cSi(𝑡) predicted by means of the numerical simulation using eq. (7) 
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The temperature values calculated in the model were verified against an indirect temperature 
measurement using the c-Si peak position shift [23]. The peak position shift was determined by means 
of a reference measurement with a low laser power (0.2 mW) after the LIC process, so that the peak 
shift caused by structural parameters is subtracted. The maximum temperatures at the spot center 
predicted by the model are 622, 708, 800 and 938°C for laser powers 7.0, 7.5, 8.5 and 10.0 mW, 
respectively. These values correspond well to the observed thermal c-Si peak position shift, when a 
correction from the Raman effective temperature is applied [14]. 
4. Discussion  
The mathematical model presented can be considered a good approximation; nevertheless, it 
must be mentioned that the nature of the process is more complex. It is known that also mechanical 
stress (caused by the deposition or the heating process) in the a-Si:H changes the nucleation and 
growth rates [17].  In addition, the c-Si phase in comparison to the a-Si phase has a lower absorption 
coefficient, a smaller index of refraction and higher thermal conductivity [24]. The crystallization 
process therefore results in changes in the sample reflectance and creates overall a more complicated 
optical state with additional optical interfaces. Further, additional heat is produced due to the latent 
heat of the phase transformation, which may lead to an avalanche-like crystallization [25]. All that is 
coupled with changes in the temperature field which functions as a feedback in the crystallization 
process. Moreover, nearly all parameters exhibit some temperature dependence, including the Raman 
cross-section and the heat transfer coefficient. Possible size-effects [26] related to the very limited 
heated volume are also ignored. A more precise numerical simulation would therefore require solving 
a strongly nonlinear transient problem coupling crystallization, optics, heat transfer and mechanics.  In 
particular, it is assumed that the 𝑅cSi(𝑡) evolutions for 10mW and 8.5mW are closer to each other 
(Fig. 2) than those computationally predicted (Fig. 6), because the crystalline phase has significantly 
higher thermal conductivity and nearly ten times lower absorption, where both would lead to lower 
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temperature than calculated by the model. Above-mentioned may also explain the smaller size of the 
simulated crystalline cluster than that experimentally observed with the microscope. 
5. Conclusion  
The standard (furnace) isothermal crystallization process, described by the Johnson-Mehl-
Avrami-Kolmogorov model, is characterized by an exponential s-shaped curve specifying the 
transformed volume fraction in time. On the contrary, a crystallization induced by a focused laser beam 
is non-isothermal and the heated volume is limited. This study shows that in the laser-induced process, 
the Raman scattering intensity of the transformed volume grows approximately linearly in the time-
logarithmic scale. In summary, this study has shown that: 
(i) For the laser-induced crystallization process, the irradiation time has the same significance 
as in conventional furnace crystallization experiments. 
(ii) Ignoring time dependence of the crystallization process may lead to misinterpretation of 
the measured time-averaged Raman spectra, since the spectra may combine signals from 
the amorphous and partially crystallized phase in an unknown proportion. 
(iii) These experiments, together with numerical simulations, demonstrate that the kinetics of 
the laser-induced crystallization process is primarily controlled by random nucleation and 
crystal growth, whose temperature dependence is given by the Arrhenius law. 
(iv) The previous point indicates that Raman-instrumented laser-induced crystallization 
experiments may be used to study its kinetics. And – for instance – a method to identify 
the activation energy of the process could be developed. 
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